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The always-convergent i t e r a t i v e  'method (AC) of  Ioup 
and the reblurrfng/mirror  image i t e r a t i v e  procedure (RB) 
of Kawata and Ichioka end LaCoste a r e  compared t o  the 
l e a s t  squares  technique (LS) f o r  low signal- to-noise  
r a t i o  (Sh'R) seismic da t a .  To scudy the resoLucian as 
well  a s  t h e  mean squared e r r o r  ( X S E ) ,  A spike t r a i n  with 
sys t ema t i ca l ly  varying separat ions is employed. After I t  
is convo lved  v i t h  A v a v e l e c .  n o i s y  t e s t  cases are  
generated f o r  SNR's from 1.1 t o  14.8 and a l l  three 
deconvolutfon methods a r e  applied.  The MSE f o r  each case 
is c a l c u l a t e d .  Then the  average ffSE is obtained and its 
dependence on SHB is given. The AC and RB give lover MSE 
than the LS. Sample r e s u l t s  a r e  shovn f o r  the noisy 
d a t a ,  t he  AC noise  removal, and a l l  th ree  deconvolutlon 
techniques.  The optimum i t e r a t i o n  number is plo t ted  
versus SNR f o r  RB. AC noise removal. AC deconvolution. 
and the sum of the  last  two. 

INTROOUCTION 

I t  is vel1 es t ab l i shed  t h a t  deconvolution. especially 
spiking decon-qolution, can amplify noise .  See, for 
example, t he  discussion given by Ioup and Ioup (1983). 
Therefore seismic data of  low s igna l - to -no i se  r a t i o  (SNR) 
a r e  d i f f i c u l t  t o  deconvolve. Two i t e r a t i v e  techniques of 
deconvolution, the  always-convergent i t e r a t i v e  technique 
(AC) of Ioup (1981). and the reblurr tng/mirror  image 
i t e r a t i v e  procedure (RB) of Kawata and Ichioka (1980) and 
LaCosce (1982).  are less sens i t i ve  to  noise  amplification 
than the  s t anda rd  l e a s t  squares approach (LS) (Robinson, 
1980; Robinson and T r e i t e l .  1980). In  order  t o  show th is  
e x p l i c i t l y  and examine the performance of d l  three 
deconvolution techniques f o r  noisy da t a ,  w e  construcc a 
very d i f f i c u l t  tes t  a f t e r  Pave e t  a l .  (1985). W e  also 
follow t h e  opt imizat ion methodology of  Amini e t  r l .  
(1986). To test the  performance of the  th ree  techniquer, 
an examination is made of  the mean squared e r r o r  ( IS&)  
a f t e r  deconvolution a s  A funct ion of t he  SNR. Many data 
s e t s  a r e  averaged a t  each SNR t o  ob ta in  these resu l t s .  
Since t h e  M E  dose not  give A complete p i c t u r e  of the 
r e l a t i v e  pe r fo rmance ,  i n d i v i d u a l  d a t a  se t s  a r e  a l so  
examined a f t e r  deconvolution by the  th ree  approaches. 
Some d e t a i l s  of the  use of  the  i t e r a t i v e  techniques are 
a l s o  discussed.  

HETHODOLOGY 

To u s e  t h e  i t e r a t i v e  t e c h n i q u e s  f o r  sp ik lng  
deconvolution. the  wavelet must f i r s t  be ex t r ac t ed .  For 
our  model, ve assume t h a t  t h i s  has a l ready been done and 
ve use t h e  minimum phase wavelet shown i n  Figure l ( r ) .  
Since t h e  wavelet is minimum phase, t he  appl icat ion of 
t he  LS method is s t ra ightforward.  To examine the  limics 
of r e s o l u t i o n ,  A var i ab le  separat ion spike t r a i n ,  shorn 
i n  Figure l ( b ) ,  i r  adopted. Because the  vave le t  is 06 
samples l o n g  and the  separat ions of the spikes  vary from 
t w o  sample i n t e r v a l s  up to  seven sample i n t e r v a l s ,  th i s  
is a severe test. The d i f f i c u l t y  of  resolving the 
ind iv idua l  spikes  may be  seen from the  r e s u l t l n g  seismic 
t r a c e ,  shovn i n  Figure l ( c ) .  
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Fig. 1. ( a )  Wavelet. (b)  Spike Train,  ( c )  Convolution of 
( a )  and (b ) .  

In  o r d e r  t o  apply t h e  i t e r a t i v e  epproaches  and 
accomplish the comparison of  the techniques,  ve use the  
s t a t i s t i c a l  simulation methodology developed by Uright 
(1980). Wright and Ioup (1981), Ioup and Ioup (1981). 
k c l e r e  (19841. Laclere e t  a1. (19851 ,  and h i n i  e t  a l .  
(1986). Noise is acded to the data based on a s c a l e  
f 6 c t o r  which prod::es n o i s e  sets hav ing  a SNR 
approximately equal t o  the one of i n t e re s t .  Recognizing 
the very l a rge  v a r i a b i l i t y  possible i n  the s p e c t r a l  
cha rac t e r i s t i c s  of the noise from one noise  set t o  
ano the r .  w e  have chosen to work w i t h  t ime-domain 
generated noise  whose s t a t i s t i c s  a re  specif ied by a given 
density function, i n  t h i s  case ,  a Gaussian. This is a 
not a I lmi ta t lon .  Any densi ty  function could be chosen. 
%e low SNE's used i n  ch i s  study range from th ree  t o  40. 
The SNR def in i t i on  used here  is the peak signal value 
dfvided by the  s t a n d a r d  d e v i a t i o n  of  t h e  n o i s e .  
A l t e r n a t e l y ,  a common d e f i n i t i o n  is t h e  s t a n d a r d  
deviation of the s igna l  divided by the standard deviat ion 
of the noise .  For OUT data the SNR by t he  l a t t e r  
def in i t ion  is 1/2.7 times the  former, SO the  SNR range i s  
then 1.1 t o  14.8. f i e n t y  t o  f i f t y  noisy test cases  a t  
each SNR sample point a r e  generated f o r  statist ical  
r e l i a b i l i t y .  We then give the average r e s u l t s  f o r  each 
deconvolution meihod. 

li?e reblurr ing i t e r a t ions  a re  applled a s  a s ing le  set  
of i r s r a t ions .  The number of i t e r a t ions  required i s  
generally l a rge .  Ttre always-cowergenc i t e r a t i o n s  a r e  i n  
tvo part., a noise removal i t e rac lon  followed by a 
deconvolut ion i r e r a t t o n .  Op t imiza t ions  f o r  t h e s e  
i teracions f o r  seismic data have been given by h i n i  e t  
d. (1986). 

Ibe LS f i l t e r  length is 999, long enough so t h a t  tile 
deconvolution i a  not degraded by having too shor t  A 

f i l t e r  . 
RESULTS 

In  Figures 2(a) and (c )  we  show A noisy data sample 
f o r  two i n t e rmed ia t e  S N R ' s ,  10 ( 3 . 7 )  and 30 (11). 
respectively.  Figure 2(b) is the r e su l t  o f  applying the  
AC noise removal i r e ra t ions  t o  tha data of Figure 2 ( a ) ,  
while Figure 2(d) is the corresponding r e s u l t  for Figure 
2(c) .  Ihe smoothing e f f e c t  is apparent. 
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Fig.  2 .  (a) SNR 10 da ta .  (b)  AC aooothed (a).  (c )  SNB 30 
d a t a ,  (d) AC rmoothed ( c ) .  

Figure 3 shows a deconvolution r e s u l t  f o r  a SNR o f  30 
(11) f o r  a l l  th ree  nethods. I n  Figure 3(a) the AC r e s u l t  
is given. while the  REi is i n  Figure 3(b)  and the LS is i n  
Figure 3 ( c ) .  Uhile the reso lu t ion  of the LS technique is 
comparable t o  or s l i g h t l y  b e t t e r  than the  i t e r a t i v e  
techniques. the  IS deconvolved da ta  a re  a f fec ted  by noise  
t o  a s i g n i f i c a n t l y  l a r g e r  e x t e n t .  The noise  l e v e l  as  a 
percentage of peak he ight  is g r e a t e r .  This is r e f l e c t e d  
i n  the c a l c u l a t e d  I4SE t o  be discussed subsequently. 
The re  are o n l y  s l i g h t  d i f f e r e n c e s  between t h e  two 
i t e r a t i v e  r e s u l t s .  

F ig .  3. 
Ls. 

SNR 30 data deconvolution (a) AC, (b)  u. (f) 

A t e s t  case  with SNR .. 10 (3 .7)  is deconvolved t o  
give the r e s u l t s  shorn i n  Flgure 6. The AC, RB, and LS 
d e c o n v o l u t i o n s  a r e  i n  F i g u r e s  4 ( a ) .  ( b ) .  and ( c ) .  
r e s p e c t i v e l y .  Again the r e s o l u t i o n  of the  LS method is 
good, b u t  t h e  noise  is so large t h a t  it is d i f f i c u l t  t o  
d i s t i n g u i s h  the  true peaks from f a l s e  ones due t o  noise .  
The r e s o l u t i o n  of the  i t e r a t i v e  techniques is decreased 
due t o  tho  increased  noise  l e v e l ,  bu t  all peaks, whether 
resolved OK net. r i s e  abovo the  noise .  Tha standard 
t rade-of f  i n  rieconvolulon i a  reso lu t ion  versus  noisa  
ampl i f ica t ion .  For the  i t a r a t i v o  techniques the  optimum 
i t e r a t i o n  number has  been s e l e c t e d  t3 minimize the ME. 
Any measure cou ld  have been used. In  p a r t i c u l a r .  one 
which g ives  more reso lu t ion  and mote noise  ampl i f ica t ion  
may be d e s i r a b l e  in  some circumstances (Andrew. and Hunt. 
1977; Hunt. 1978). 

Fig. 4. SNR 10 d a t a  &convolution (a) AC. (b) QB, (c )  
Is. 

Figure 5 presents  the average HSE a f t e r  deconvolution 
versus the SNR. The lover curves give the HSE f o r  the 
i t e r a t i v e  techniques,  while tha upper curie shows the Is 
W E .  The l a r g e r  HSE f o r  the IS corresponds t o  the  larger  
noise r e l a t i v e  t o  the  s1gr.al i n  the Ls deconvolved da ta .  
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Fig. 5 .  I4SE a f t e r  devonvolution; upper c u n e ,  LS; lover  
cumeo. &C and RB. 

In  Figure 6 the  average numbers of i t e r a t i o n s  rued a t  
each SNR a r e  summarized. Although t h e  i t e r a t i v e  
techniques a r e  now ava i lab le  a s  equivalent  f i l t e r s  f o r  
rapid a p p l i c a t i o n  t o  seismic d a t a ,  thls study vas done 
with the  s tandard  i t e r a t i v e  approach. Inves t iga t ions  
u s i n g  t h e  l a t t e r  a r e  i m p o r t a n t  for t h e  c o r r e c t  
appl ica t ion  of the  equivalent  f i l t e r s .  Since the RB 
i t e r a t i o n  numbers a r e  large compared t o  the AC, they a r e  
divided by t e n  t o  give Figure 6 ( a ) .  The average AC noise  
removal i t e r a t i o n  numbers a r e  shown i n  Figure 6(b) .  I n  
F i g u r e  6 ( c )  t h e  ave rage  numbers of deconvo lu t ion  
i t e r a t i o n s  f o r  the  AC a r e  shown. F i ~ l l y .  Figure 6(d)  
gives the sum of  the AC noise  removal and deconvolucion 
i t e r a t i o n s .  t o  show the t o t a l  needed. The AC uses fever  
i t e r a t i o n s  than the  RB,  except a t  the lowest SNR. These 
numbers come f r o a  o p t i d z i n g  all the  noisy t e s t  cases a t  
a given S M I  and taking the averagr of the  r e s u l t s .  
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Fig. 6. Optimum average iteration number (a) RB 
nunber/lO. (b) AC noise removal. ( c )  AC deconvolution. 
(d) AC neise rezo.ral ar.d AC deconvel-tion. 

CONCLUSION 

When the vavelet has been determined. iterative 
deconrolution techniques are a valuable alternative to LS 
for the deconvolution of seismic data. They offer 
control over noise amplification and they can be applied 
quickly (as single equivalent filters). 
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